a b s t r a c t U-Pb geochronology of detrital zircon from Late Ediacaran (Beiras Group greywackes) and Early Ordovician (Sarnelhas arkosic quartzites and Armorican quartzites of Penacova) sedimentary rocks of the southwest Central Iberian Zone (SW CIZ) constrain the evolution of northern Gondwana active-passive margin transition. The LA-ICP-MS U-Pb data set (375 detrital zircons with 90-110% concordant ages) is dominated by Neoproterozoic ages (75% for the greywakes and 60% for the quartzites), among which the main age cluster (more significant for Beiras Group greywackes) is Cryogenian (c.840-750 Ma), while a few Mesoproterozoic and Tonian ages are also present (percentages <8%). These two features, and the predominance of Cryogenian ages over Ediacaran ages, distinguish the Beiras Group greywackes (SW CIZ) from the time-equivalent Serie Negra (Ossa-Morena Zone -OMZ), with which they are in inferred contact. The age spectra of the Beiras Group greywackes also reveal three major episodes of zircon crystallisation in the source area during the Neoproterozoic that are probably associated with a long-lived system of magmatism that developed either along or in the vicinity of the northern Gondwana margin at: (1) c. 850-700 Ma -Pan-African suture (not well represented in OMZ); (2) c. 700-635 Ma -early Cadomian arc; and (3) c. 635-545 Ma -late Cadomian arc. Comparison of Neoproterozoic ages and those of the Paleoproterozoic (c. 2-1.8 Ga) and Archean (mainly Neoarchean -2.8-2.6 Ga, but also older) in the Beiras Group greywackes with U-Pb ages of Cadomian correlatives shows that: (1) SW CIZ, OMZ, SaxoThuringian Zone, North Armorican Cadomian Belt and Anti-Atlas) evolved together during the formation of back-arc basins on the northern Gondwana active margin and (2) all recorded synorogenic basins that were filled during the Ediacaran by detritus resulting from erosion of the West African craton, the PanAfrican suture and a long-lived Cadomian magmatic arc. Differences in detrital zircon age populations in the greywackes of the Beiras Group (SW CIZ Cadomian basement) and the Serie Negra (OMZ Cadomian basement) are also observed in their respective overlying Early Ordovician quartzites. Since both these SW Iberia Cadomian basements evolved together along the active margin of Gondwana (but sufficiently separated to account for the differences in their detrital zircon content), this continuation of differing zircon populations into the Early Ordovician suggests that the inferred contact presently juxtaposing the Beiras Group and the Serie Negra is not pre-Early Ordovician and so is unlikely to demonstrate a Cadomian suture.
Introduction
The basement rocks of Western and Central Europe were formed during the final stages of Gondwana assembly in the late been constrained by linkages between peri-Gondwanan arc correlatives of North America, Europe and North Africa with the aim of deciphering their paleogeographic positions relative to potential sedimentary provenances (Murphy et al., , 2004 Ugidos et al., 1997 Ugidos et al., , 2003 Fernández-Suarez et al., 2002; Nance et al., 2002 Nance et al., , 2008 Linnemann et al., 2004 Linnemann et al., , 2008 Gutierrez-Alonso et al., 2003; Pereira et al., 2006 Pereira et al., , 2008a Abati et al., 2010) (Fig. 2) .
In Iberia, the late Neoproterozoic record is exposed in different tectono-stratigraphic zones (Julivert et al., 1974; Franke, 1989) , from North to South (Fig. 1B) : the Cantabrian Zone (CZ), the West Asturian Leonese Zone (WALZ), the Central Iberian Zone (CIZ) and the Ossa-Morena Zone (OMZ). The mostly extensive exposures of Late Ediacaran age that occur in the WALZ, CIZ and in the OMZ and are dominated by sedimentary rocks and with relatively minor igneous rocks (Fernández-Suarez et al., 2000; Eguíluz et al., 2000; Gutierrez-Alonso et al., 2003; Rodriguez-Alonso et al., 2004; Pereira et al., 2006 Pereira et al., , 2008b ).
Iberia's geographic paleoposition during the late Neoproterozoic is generally indicated by the presence or absence of Mesoproterozoic (c. 1 Ga) detrital zircon ages found in Late Ediacaran sedimentary rocks. Neoproterozoic sedimentary rocks in NW Iberia (WALZ) show a significant percentage (11-37%) of Mesoproterozoic detrital zircon ages suggesting a paleoposition close to the Amazonian craton and Avalonian correlatives (Fernández-Suarez et al., 2000 , 2002 Gutierrez-Alonso et al., 2003) . On the other hand, the lack or insignificant percentage of Mesoproterozoic ages in SW Iberia (OMZ) provides evidence for a peri-West African craton paleoposition near to Cadomian correlatives (Fernández-Suarez et al., 2002; Gutierrez-Alonso et al., 2003; Pereira et al., 2008a; Linnemann et al., 2008) . However the Neoproterozoic location of Iberia is still controversial, and recently Diez Fernandez et al. (2010) proposed an alternative hypothesis suggesting Iberia was located to the north of the West African craton close to the Trans-Sahara belt, where there are potential sources of Mesoproterozoic ages. 168 M.F. Pereira et al. / Precambrian Research 192-195 (2012) This paper presents new U-Pb LA-ICP-MS geochronology of detrital zircons from Ediacaran greywackes and Ordovician quartzites of a key stratigraphic succession in the southwest of the CIZ (Penacova, Portugal) close to the CIZ-OMZ transition (Fig. 1B and C) . Our findings show the predominance of Neoproterozoic ages (60-77%), providing important information about older zirconforming events (in particular, Ediacaran and Cryogenian) that help to characterise potential sedimentary provenances. Taking as our reference U-Pb zircon ages published for different areas of North Gondwana over the last twenty years, we discuss potential sedimentary sources for the Iberia Ediacaran basement that may include (Nance et al., 2008 and references therein): (1) North Africa (West African craton and Trans-Sahara belt), (2) South America (Amazonian craton and Trans-Brasiliano belt), and (3) Neoproterozoic peri-Gondwanan arc terranes of North America and Europe (Avalonia and Ganderia located in proximity to the Amazonian craton or Cadomia linked to the West African craton) (Fig. 2) .
In addition, a comparison is also made with available U-Pb geochronological data from Late Ediacaran and Early Ordovician sedimentary rocks of SW Iberia, NW Iberia, Cadomia and the Anti-Atlas in order to: (1) decipher the paleoposition of Iberia along the northern Gondwana margin, in the context of the Avalonian-Cadomian and/or Pan-African orogenies; (2) test possible connections between European and North African correlatives; and (3) provide additional insights into northern Gondwana margin assembly and breakup during late Neoproterozoic and early Paleozoic times.
Geological setting
The CIZ is a major subdivision of Iberia (Julivert et al., 1974) that extends from the boundary with the WALZ (NW Iberia) to SW in the CIZ-OMZ transition. In the CIZ-OMZ transition, Early Ordovician rocks with a paleogeographic affinity to the CIZ unconformably overlie the OMZ Cadomian basement (Série Negra; Pereira et al., 2006; Linnemann et al., 2008; Solá et al., 2008) (Fig. 1B) . The CIZ includes Early Ordovician quartzites that unconformably overlie Ediacaran and Cambrian rocks of the Schist-Greywacke Complex (Carrington da Costa, 1950; Schermerhorn, 1955; Sousa, 1982) also called "Supergrupo Durico-Beirão" (Silva et al., 1987 (Silva et al., -1989 Sousa and Sequeira, 1987-1989; Sequeira and Sousa, 1991) . The Schist-Greywacke Complex includes the Beiras and Douro Groups, which consist of Neoproterozoic to early Cambrian sedimentary rocks (Medina et al., 1998) . The early Ordovician quartzites that directly overlie the Beiras Group occur in NW-SE-trending limbs of Variscan kilometre-scale folds on the Geological Map of Portugal (1992 Portugal ( , 2010 .
The Penacova ridge located in the SE extremity of the Buç aco mountain range is a 130-140 • trending syncline with a steeply (70-80 • ) dipping axial plane (Fig. 1C) . Cambrian rocks are not present in the Penacova stratigraphy that includes from the base to the top: (1) the Beiras Group with greywackes and slates (Late Ediacaran; Medina et al., 1998) ; (2) the Sarnelhas Formation (Late Cambrian-Early Ordovician transition; "Grauwackes rouges inférieures"; Delgado, 1908 ; "Grauvaques vermelhos inferiores"; Carrington da Costa, 1950) including arkosic quartzites; and (3) the Armorican Quartzite Formation (Early Ordovician; .
The Beiras Group slates and greywackes (SW CIZ Cadomian basement) were tilted before the deposition of the arkosic beds of the Sarnelhas Formation. In the northern limb of the Penacova syncline (Fig. 1C) , steeply NNE-dipping overturned beds of slates and greywackes of the Beiras Group are overlain by steeply SW-dipping beds of Ordovician quartzites, slates and metaconglomerates, defining a major angular unconformity at the base of the Ordovician sequence. In Penacova, the sedimentological features of the Beiras Group suggest a siliciclastic platformal depositional environment characterised by sand bars influenced by storm events (Medina et al., 1998) . The steeply NEE-dipping and overturned Beira Group succession is characterised by alternating metre-and centimetre-scale beds of medium-to fine-grained sandstones, and banded silty to clayey sedimentary rocks with interbedded conglomerates. The section of the Beiras Group examined includes, from the base to the top (Medina, 1996; Fig. 1C): (1) thick beds of coarse-to medium-grained sandstones with parallel bedding and low-angle cross-bedding, separated by mudsupported conglomerates (with centimetre-scale rounded pebbles of quartz, clasts of volcanic and sedimentary rocks, including rounded pebbles of black cherts); (2) interbedded thin layers of fine-grained sandstone with silt mudstones showing wavy and lenticular lamination, and ripples; (3) coarse-to medium-grained greywackes, sandstones with parallel bedding and low-angle crossbedding, also showing channel geometries and including fragments of mudstones and trace fossils from the Late Ediacaran (Vidal et al., 1994; Pereira et al., 2008b) ; (4) interbedded fine-grained sandstones and grey-black mudstones with hummocky structures, ripples and wavy lamination; and (5) grey-black mudstones with few intercalations of sandstones. The early Paleozoic sequence that unconformably overlies the Beiras Group sedimentary rocks consists of basal Late Cambrian-Early Ordovician arkosic quartzites and slates with intercalations of conglomerates (Sarnelhas Formation). The Sarnelhas arkosic quartzites show parallel lamination, cross-bedding, channel geometries and ripples. The Sarnelhas Formation is overlain by the Armorican Quartzite Formation (Early Ordovician) which includes massive beds of quartzites and thin layers of slates. The early Paleozoic sequence is characteristic of shallow marine siliciclastic platform sedimentation. The angular unconformity with Early Ordovician rocks lying directly over tilted Ediacaran strata developed as result of a major crustal extension in the Cambrian-Ordovician (Pereira et al., 2008b 
U-Pb LA-ICP-MS geochronology

Samples and methods
Four samples were collected for this geochronology study (coordinates datum WGS84 in Tables 1-4): PNC 1 and PNC 2 represent two greywackes from the Beiras Group, PNC 3 is an arkosic quartzite from the Sarnelhas Formation, and PNC 4 is a quartzite from the Armorican Quartzite Formation. Lens and CL-imaging of zircons are presented in Figs. 3 and 4 and the results obtained from U-Pb geochronology in Figs. 5-8 and Tables 1-4. Zircon grains were extracted, then mounted in epoxy resin with zircon standards SL13 (U = 238 ppm) and TEMORA ( 206 Pb*/ 238 U = 0.06683). The polished mounts were photographed and then two of them (samples PNC 2 and PNC 3) were imaged by SEM cathodoluminescence (CL) to document the internal growth zoning of the grains. Zircon grains were then analysed for U, Th, and Pb isotopes by LA-ICP-MS (Laser Ablation with Inductively Coupled Plasma Mass Spectrometry) at the Museum für Mineralogie und Geologie (Senckenberg Naturhistorische Sammlungen Dresden), using a Thermo-Scientific Element 2 XR sector field ICP-MS coupled to a New Wave UP-193 Excimer Laser System. A teardrop-shaped, low-volume laser cell was used to enable sequential sampling of heterogeneous grains (e.g. growth zones) during time-resolved data acquisition. Each analysis consisted of 15 s background acquisition followed by 35 s data acquisition, using laser-spot sizes of 15-35 m. A common-Pb correction based on the interferenceand background-corrected 204 Pb signal and a model Pb composition (Stacey and Kramers, 1975) was carried out where necessary. The criterion for correction was whether the corrected 207 Pb/ 206 Pb lay outside the internal error of measured ratios. Time-resolved signals of the LA-ICP-MS were checked in order to detect disturbances caused by cracks or mineral inclusions. In such cases, analyses were excluded from age calculations. Raw data was corrected for background signals, common Pb, laser-induced elemental fractionation, instrumental mass discrimination, and time-dependent elemental fractionation of Pb/Th and Pb/U using an Excel ® spreadsheet program developed by Axel Gerdes (Institute of Geosciences, Johann Wolfgang Goethe-University Frankfurt, Frankfurt am Main, Germany). Reported uncertainties were propagated by quadratic addition of the external reproducibility obtained from the standard zircon GJ-1 (∼0.6% and 0.5-1% for the 207 Pb/ 206 Pb and 206 Pb/ 238 U, respectively) during individual analytical sessions and the withinrun precision of each analysis. Analyses with a concordance in the range 90-110% were used for concordia and probability density distribution plots. A total of 415 analyses were carried out on four samples, while 9% (40 analyses) revealed >10% discordance and were discarded. Discordance may originate from Pb loss, addition of common Pb or ablation of different domains within the zircon. Concordia diagrams (2 error ellipses), concordia ages (95% confidence level) and probability plots were produced using Isoplot/Ex 2.49 (Ludwig, 2001) . The 207 Pb/ 206 Pb age was taken for interpretation for all zircons >1.0 Ga, and the 206 Pb/ 238 U ages for younger grains. For further details on analytical protocol and data processing see Frei and Gerdes (2009) .
Results
Ediacaran greywackes of the Beiras Group (PNC 1 and PNC 2)
The zircon population of sample PNC 1 is dominated by mediumsized grains (90-120 m; 70%) but also includes larger grains (180-200 m; 30%). Most zircons are translucent and pinkish, and a few are brown and purple. Some grains have mineral inclusions. The zircons show a wide variety of forms ranging from subhedral to euhedral stubby grains with pyramidal or multi-pyramidal terminations, subhedral to euhedral elongated prisms and strongly rounded crystals with no visible crystalline faces.
The zircon ages obtained (Fig. 5 and Tables 1 and 2 ) are quite similar in both samples, with slight differences for the percentages of pre-Cryogenian ages (Fig. 7) . For sample PNC 1, 110 targets were analysed, with 110 spots showing 90-110% concordance. The main group of ages is Neoproterozoic (74%, 914-550 Ma). The remaining zircons are older, with the following distribution: Mesoproterozoic (4%, c. 1.2-1.0 Ga) Paleoproterozoic (14%; c. 2.3-1.7 Ga) 207 Pb signal in counts per second. b U and Pb content and Th/U ratio were calculated relative to GJ-1 and are accurate to approximately 10%. c Corrected for background, mass bias, laser induced U-Pb fractionation and common Pb (if detectable, see analytical method) using Stacey and Kramers (1975) 207 Pb signal in counts per second. b U and Pb content and Th/U ratio were calculated relative to GJ-1 and are accurate to approximately 10%. c Corrected for background, mass bias, laser induced U-Pb fractionation and common Pb (if detectable, see analytical method) using Stacey and Kramers (1975) 207 Pb signal in counts per second. b U and Pb content and Th/U ratio were calculated relative to GJ-1 and are accurate to approximately 10%. c Corrected for background, mass bias, laser induced U-Pb fractionation and common Pb (if detectable, see analytical method) using Stacey and Kramers (1975) Table 2. and Archean (9%; c. 3.5-2.5 Ga) (Figs. 5A and 7) . The Neoproterozoic population is dominated by Cryogenian zircon grains (55%, c. 833-632 Ma), followed by Ediacaran (16%, c. 630-550 Ma) and few Tonian (3%, c. 914-900 Ma) ages. Plotted on a probability diagram, the Neoproterozoic group shows two main age clusters at c. 686 Ma and c. 637 Ma (Cryogenian), and other less significant peaks at c. 763 Ma (Cryogenian), c. 591 Ma and c. 565 Ma (Ediacaran). The youngest zircon provided yields of 549.6 ± 4.4 Ma (Late Ediacaran; 99.5% concordance), the oldest grain providing c. 3.4 Ga (Paleoarchean). The youngest population average age was estimated, using six younger zircon ages, at 560.3 ± 6.6 Ma (Late Ediacaran; 2 , MSWD = 0.87, Probability = 0.35) (Fig. 5A) . In sample PNC 2, zircons are medium-sized (100-150 m), ranging from pink to colourless and from prismatic to rounded. They are mostly anhedral and euhedral grains are rare. CL imaging shows that most grains are composite but there are also simple zircons (Fig. 3) . Most of the composite grains have cores of variable size surrounded by a single thin overgrowth (a-61, 2a-66), but there are Table 3. also cores surrounded by multiple overgrowths (2a-41, a-36). Simple zircons are stubby or show concentric oscillatory zoning (2a-52, 2a-63, 2a-58) , with a typical low luminescence (high U content) zones in the centre of the crystal. There are also stubby euhedral prisms, grains with weak concentric growth zoning (2a-20, a-53; 2a-61) with a very low luminescence and grains with faint concentric zoning (a-10, 2a-15) . Other types of elongated and narrow euhedral to subhedral prisms (a-40; 2a-27, 2a-24, a-51) show a banded zone in the centre and concentric zoning at the rims.
In sample PNC 2, 118 targets were analysed, with 102 zircon spots showing 90-110% concordance. These findings (Fig. 5B) are quite similar to those with sample PNC 1 with slight differences in percentages for pre-Neoproterozoic ages and within the age cluster distribution for the Neoproterozoic population (Fig. 7) .
The zircon population of sample PNC 2 shows the following age distribution: Neoproterozoic (77%, c. 992-563 Ma), Mesoproterozoic (8%, c. 1.2-1.0 Ga), Paleoproterozoic (10%, c. 2.2-1.7 Ga), and Archean (5%, c. 3.4-2.5 Ga) (Figs. 5B and 7) . Like sample PNC 1, the The youngest population was estimated at 578.5 ± 4.7 Ma (Late Ediacaran; 2 , MSWD = 0.85, Probability = 0.36) (Fig. 5B) .
Ordovician quartzites of Sarnelhas and Penacova (PNC 3 and PNC 4)
The zircon population of sample PNC 3 is dominated by medium to large (120-220 m) grains, ranging from transparent colourless to translucent pink, and more rarely brown. Two groups can be distinguished: one group with euhedral to subhedral prismatic to pyramidal crystal forms, and another group with more rounded and stubby forms. This sample includes more elongated crystals with no visible faces when compared with greywacke samples PNC 1 and PNC 2. CL imaging reveals a wide variety of forms and internal structures with composite and simple grains (Fig. 4) . Composite zircons include rounded or irregularly shaped cores (a-62, a-33) , that are typically very small (a-6, a-54, 2a-33) . Zoning patterns in the stubby simple grains range from clear (a-52, 2a-66, 2a-18, 2a-42) , to weak (2a-16) concentric fine (a-31) oscillatory zoning. Grain a-57/a-52 is a simple crystal with sector-growth zoning, affected by a high luminescence recrystallisation front. CL imaging also shows prismatic and narrow crystals characterised by thin banded zoning with moderate luminescence contrast (2a-2) truncated by diffuse recrystallisation fronts (2a-11, 2a-24) (Fig. 4) . Most of the zircons from sample PNC 4 (95%), a quartzite from the Armorican Quartzite Formation are fine-to medium-grained (80-110 m). Zircon grains range from transparent colourless to translucent and slightly pink. Most are elongated euhedral to subhedral prisms or stubby subhedral with smooth crystalline faces.
The zircon ages obtained for PNC 3 and PNC 4 are shown in Fig. 6 (Tables 3 and 4) . The distribution of age populations found in the arkosic quartzite of the Sarnelhas Formation (sample PNC 3) is different from the two samples of the Beiras Group (samples PNC 1 and PNC 2). 60% of zircon ages of sample PNC 3 are Neoproterozoic (out of a population of 120 analysed targets, 113 have 90-110% concordance) (Figs. 6-8) . The Neoproterozoic population is dominated by: Ediacaran zircon grains (36%, c. 627-544 Ma) with two main age clusters at c. 609 Ma and 582 Ma, Cryogenian (23%, c. 798-633 Ma) and rare Tonian (1%, c. 908 Ma) ages. The pre-Neoproterozoic record consists of Paleoproterozoic (17%, c. 2.4-1.7 Ga), Archean (5%, c. 2.8-2.5 Ga) and Mesoproterozoic (1%, only 1 grain, c. 1.1 Ga). Early Paleozoic ages are dominated by Cambrian ages (14%, c. 542-489 Ma), whereas Ordovician grains are scarce (3%, c. 486-484 Ma). The youngest zircon provided yields of 484.2 ± 7.3 Ma (Early Ordovician; 99.2% concordance) and the oldest provided c. 2.8 Ga (Neoarchean-Mesoarchean transition). The youngest population age is estimated at 492.3 ± 2.6 Ma (Late Cambrian; 2 , MSWD = 3.1, Probability = 0.079) (Fig. 6) .
In sample PNC 4, out of a population of 60 analysed targets, a group of 50 spots has 90-110% concordance. The Neoproterozoic population is dominant (66%) with: 36% of Cryogenian (c. 842-639 Ma), 20% of Ediacaran (c. 627-577 Ma) and 10% of Tonian (c. 985-857 Ma) ages (Figs. 6-8 ). The population of zircon ages shows two main age clusters in the Ediacaran at c. 596 Ma and c. 550 Ma and two other relatively less significant age clusters at c. 652 Ma (Cryogenian) and c. 626 Ma (Ediacaran). The preNeoproterozoic ages only represent 14% of the population as a whole (10% Paleoproterozoic, c. 2.5-1.9 Ga; and 4% Mesoproterozoic, c. 1.5-1.0 Ga). The early Paleozoic population includes 9 grains of Cambrian age (18%, c. 539-505 Ma) and 1 Ordovician grain (2%, c. 481 Ma). The youngest zircon grain dated yields 480.9 ± 5.9 Ma (Early Ordovician; 102.9% concordance), the oldest zircon is dated at c. 2.4 Ga (Siderian) and the youngest population age is estimated at 529.7 ± 4.5 Ma (Early Cambrian; 2 , MSWD = 0.002, Probability = 0.96) (Fig. 6 ).
Significance of U-Pb detrital zircon data
The U-Pb geochronology of the Beiras Group greywackes obtained calibrates the stratigraphic column of SW Iberia whose depositional age is imprecisely represented on the Geological Map of Portugal (1992 Portugal ( , 2010 . The probable maximum depositional age of c. 578-560 Ma for the Beiras Group greywackes matches the interval of deposition of the Serie Negra in the OMZ (c. 590-545 Ma; Pereira et al., 2011 and references therein) . Our new data suggest that deposition in both CIZ and OMZ Ediacaran basins was coeval with the development of an active margin with voluminous arc magmatism along the northern Gondwana margin (Avalonian-Cadomian belt; Nance et al., 1991 Nance et al., , 2002 Linnemann et al., 2004 Linnemann et al., , 2007 Linnemann et al., , 2008 ; Pan-African belt; Abati et al., 2010 and references therein) . In over 75% of the Beiras Group greywackes, zircon ages are late Neoproterozoic. Cryogenian ages are those most represented (c. 833-631 Ma, 50%), followed by Ediacaran (20%) and Tonian (3-8%) ages (Figs. 8 and 9) .
Cryogenian ages show a significant concentration in the interval c. 680-635 Ma, whereas Ediacaran zircons occur in age clusters in increasing order of abundance at c. 584, 565 and 615-605 Ma. A notable feature that distinguishes the Beiras Group greywackes (SW CIZ) from the Serie Negra greywackes (OMZ) is the higher frequency of young Cryogenian ages relative to Ediacaran ages. Older Cryogenian ages (c. 840-750 Ma) are represented both in the Beiras Group and the Serie Negra greywackes, but are more abundant in the former (Fig. 8) .
The remaining 25% of zircons analysed from Beiras Group greywackes are Paleoproterozoic (10%), Archean (5-9%) and Mesoproterozoic (4-8%) in age. The Paleoproterozoic and Archean ages match the main zircon-forming events of the West African craton (Liegeois et al., 1991; Hirdes and Davis, 2002; Thieblemont et al., 2004) .
In the Ordovician quartzites of SW CIZ, the percentage of Neoproterozoic ages (60%; Fig. 7 ) is lower as compared with that of the Beiras Group greywackes (74-77%; Fig. 7 ). Sample PNC 3 (Sarnelha quartzite) is dominated by Ediacaran ages (c. 627-544 Ma, ca. 35% with two age clusters at c. 582 Ma and c. 544 Ma), followed by Cryogenian ages (23%) and few Tonian (percentages <1%) ages. Mesoproterozoic ages are relatively unrepresented (percentages <1%). The probability plot of the Sarnelhas arkosic quartzite (PNC 3) is very similar to those previously obtained for Ediacaran and Cambrian sedimentary rocks of the OMZ (Pereira et al., 2008a Linnemann et al., 2008) and the Early Ordovician Urra volcaniclastic Formation of the CIZ-OMZ transition (Solá et al., 2008) . However, contrary to what the OMZ samples show, the interval of Cryogenian ages (c. 798-633 Ma) in sample PNC 3 is well represented and is similar to that found in Beiras Group greywackes (samples PNC 1 and 2).
Our data reveal differences between the Neoproterozoic zircon ages found in the Sarnelhas arkosic quartzites (PNC 3) and the Armorican quartzite of Penacova (PNC 4). In the Armorican quartzite of Penacova, Cryogenian ages are dominant and more abundant than Ediacaran ages (with an age cluster at c. 596 Ma) whereas in the Sarnelhas arkosic quartzite the population of Ediacaran zircons is larger than the Cryogenian. Sample PNC 4 shows important differences as compared with correlative Armorican quartzites from the CIZ-OMZ transition. Armorican quartzites from Penacova (see this study) have Tonian (10%) and Mesoproterozoic (4%) ages whereas Armorican quartzites from the CIZ-OMZ transition have few Tonian ages and no Mesoproterozoic ages .
The source of the Sarnelhas quartzite (PNC 3) resembles the distribution of detrital zircon ages from sedimentary rocks of the Ediacaran and Cambrian of the OMZ and also the Urra volcaniclastic Formation and Armorican quartzites from the CIZ-OMZ transition zone. The Armorican quartzites of Penacova (PNC 4, see this study) have a zircon age distribution that overlaps with that of Beiras Group greywackes (PNC 1 and PNC 2) and Sarnelha quartzites.
The Ordovician quartzites of SW CIZ (Sarnelhas and Penacova) comprise 14-18% Cambrian zircons (c. 535-510 Ma) and a few Ordovician zircons (percentages <3%, . The earlyand mid-Cambrian age range is well characterised in the OMZ, in contrast with the SW CIZ, and represents the onset of rifting along the northern Gondwana margin (Sánchez-García et al., 2003 Chichorro et al., 2008) . Composite zircon grains of Ordovician quartzites have Cambrian (c. 522-513 Ma) overgrowths on cores with Cambrian ages (c. 542 Ma and c. 537 Ma), indicating recycling during early Cambrian magmatism. The Early Ordovician detrital zircons found in Sarnelhas and Penacova quartzites represent a widespread magmatic event in SW CIZ (Urra volcaniclastic Formation, c. 490-488 Ma, Solá et al., 2008) and in the NW CIZ (Ollo de Sapo Formation, Montero et al., 2007) that preceded the passive margin stage along the southern flank of the Rheic Ocean (Murphy et al., 2006a,b; Nance et al., 2010) .
Geodynamic implications
The ages of Cryogenian and Ediacaran detrital zircons of the Beiras Group greywackes are concentrated in the interval c. 840-565 Ma, during which there were two major events of magmatism in North Gondwana (Fig. 9): (1) The Avalonian-Cadomian arc described in North America, Western-Central Europe and North Africa Fernández-Suarez et al., 2000; Nance and Murphy, 1994; Nance et al., 2002 Nance et al., , 2008 Nagy et al., 2002; Pereira et al., 2006 Pereira et al., , 2008a Linnemann et al., 2008; Abati et al., 2010) . The Avalonian-Cadomian orogeny formed in a convergent margin of Gondwana (with fragmentary evidence of many episodes within the interval c. 760-670 Ma and 610-540 Ma; Nance et al., 2008; Murphy et al., 2008) . (2) Igneous events in North Africa attributable to Pan-African orogenic processes (Liégeois et al., 1994; Abdelsalam et al., 2002 and references therein; Samson et al., 2004; D'Lemos et al., 2006; Küster et al., 2008; Abati et al., 2010 and references therein) . After a period dominated by intra-continental rifting with oceanisation (early Neoproterozoic), tectonic inversion of basins has occurred along with the consequent continent-continent collisions between cratons to form Gondwana (Kroner and Stern, 2004; Saalman et al., 2007 and references therein) . The record of the Pan-African orogeny (late Neoproterozoic) is well expressed along the Trans-Brasiliano and Trans-Sahara belts connection (c. 790-660 Ma, 650-600 Ma and 590-540 Ma; Liégeois et al., 2003; Silva et al., 2005; Cordani et al., 2009 ). These two Neoproterozoic orogenic processes (Pan-African and Cadomian; Murphy and Nance, 1991; Nance and Murphy, 1994) are sometimes difficult to distinguish because they overlap in time and locally in space where the Pan-African belts (interior collisional orogenic sutures of Neoproterozoic supercontinent assembly) extend through North Africa close to the northern Gondwana margin reaching the Avalonian-Cadomian orogenic belt (in a peripheral position with respect to the Neoproterozoic supercontinent; Fig. 10 ). Subduction zones between converging Gondwana blocks probably relocated to the margins of Gondwana after the collision between continents (Murphy and Nance, 1991). Several hypotheses may be considered when looking for potential sources for the Cryogenian and Ediacaran detrital zircons of SW Iberia and correlatives (Figs. 9 and 11) . When comparing our data with data from Cadomian correlatives (Fig. 11) we find a number of similarities and differences. As mentioned before, there is a noticeable frequency of Cryogenian ages in the Ediacaran greywackes of the Beiras Group (see this study). In contrast, in the Ediacaran basins of the OMZ (SW Iberia) and the Saxo-Thuringian Zone (Cadomia), the older Cryogenian ages (c. 850-700 Ma) are significantly under-represented as compared with the Ediacaran and younger Cryogenian ages (Linnemann et al., 2007 .
The four main phases of late Cryogenian-Ediacaran zirconforming events attributable to Cadomian magmatism recorded in the Ediacaran and Cambrian sequences of the OMZ (late Cadomian magmatic arc - Fig. 10B -are: c. 635 Ma, 615-605 Ma, 590-570 Ma, and 560-550 Ma; Pereira et al., 2011) . These events are also recorded in the SW CIZ (c. 635 Ma, 584 Ma and 565 Ma; see this study) . When compared with Cadomia, the main phase of arc magmatism in the Saxo-Thuringian Zone (Germany) is recorded, as in the OMZ, at c. 610 Ma by Cambrian platformal rocks (Zwethau Formation) and between c. 590 and 560 Ma by back-arc synorogenic strata (Rothstein Formation and the Weesenstein and Clanzschwitz Groups) (Linnemann et al., 2007 . The presence of c. 750-560 Ma detrital zircons in the Ediacaran greywackes of the Saxo-Thuringian Zone, interpreted as representing the erosion of Pan-African and Avalonian-Cadomian source rocks, can be extended to OMZ and SW CIZ correlatives. However, the back-arc basin of the Beiras Group (SW CIZ) may have been located closer to source rocks of an early Cadomian magmatic arc and/or of the Pan-African suture (Fig. 10A) . In turn, the back-arc basins of the Saxo-Thuringian Zone, the North Armorican Cadomian Belt and OMZ may have been located near source rocks of a late Cadomian magmatic arc (Fig. 10B) .
In SW Iberia and in the Saxo-Thuringian Zone, outcrops of Neoproterozoic rocks with ages older than c. 630 Ma (Fig. 11) are unknown but we cannot exclude the possibility that they may exist at depth. In contrast, in the North Armorican Cadomian Belt (France) there are outcrops of Cryogenian gneisses (Pentevrian Complex; Egal et al., 1996) with c. 755-745 Ma protolith ages (Samson et al., 2005) that are interpreted as being the oldest roots of the Cadomian arc (Chantraine et al., 1994) . These Cryogenian rocks are intruded by Ediacaran granitoids (Jospinet granodiorite with c. 626 Ma; Nagy et al., 2002) and are overlain by the Brioverian Supergroup strata, interpreted as having been deposited in Destombes et al., 1985; Doré, 1994; Hamoumi et al., 1994; Robardet et al., 1994) .
Modified from Pereira et al. (2006) .
Cadomian back-arc basins (Chantraine et al., 1994) , like the Serie Negra (Pereira et al., 2006 (Pereira et al., , 2008a and the Beiras Group (Pereira et al., 2008b ; see this study) in SW Iberia (Fig. 11) . The Ediacaran greywackes of the Brioverian Supergroup show detrital zircons with a young population scattered in the interval c. 840-550 Ma (Binic Formation; Fernández-Suarez et al., 2002) Brien et al., 1996) , the Stanner-Hanter and the Malverns Plutonic complexes (c. 700 Ma and c. 677 Ma; Britain; Tucker and Pharoah, 1991) and also, the Stirling belt and volcanic arc rocks of Cape Breton Island (c. 681-650 Ma; Bevier et al., 1993) . The main phase of Avalonian arc magmatism and coeval synorogenic sedimentation occurred at c. 640-570 Ma (Nance et al., 2002) . Ganderia is another peri-Gondwana terrane (Van Staal et al., 2009 ) whose history partly overlaps with the magmatic history of Avalonia (Nance et al., 2008 and references therein) in an early phase of arc magmatism of the Lingley Suite and the Brookville orthogneiss (c. 625-605 Ma; New Brunswick; Bevier and Barr, 1990; Currie and McNicoll, 1999) followed by a later phase at c. 578-555 Ma (Roti and Crippleback Intrusive suites, Newfoundland and Bras d'Or plutons, Cape Breton Island; Dunning and O'Brien, 1989; Barr et al., 1990; Dostal et al., 1996; Rogers et al., 2006) . Not excluding the Avalonian magmatic activity of Newfoundland and Nova Scotia and the Cadomian arc preserved in Europe as potential sources of the Cryogenian detrital zircons of SW Iberia, other (more conservative) alternatives are possible (Fig. 2): (1) The oldest Cryogenian ages found in Beiras Group greywackes probably represent detritus deposited along the northern Gondwana margin from denudation of North Africa interior Pan-African shields (the Trans-Sahara belt, the Arabian-Nubian shield and the West African craton). The Trans-Sahara belt is characterised by zircon-forming events in the interval c. 900-630 Ma: (i) the Sahara metacraton at c. (Teklay, 2005) ; island arc mafic magmatism crystallised at c. 900-740 Ma in western Eritrea and northern Ethiopia (Teklay, 2005; Avigad et al., 2007) . (2) The Anti-Atlas Supergroup of the West African craton includes:
the Tasiriwine ophiolite dated at c. 762 Ma , considered to be the western extension of the Bou Azzer-El Graara ophiolite (Pan-African suture; Kroner and Stern, 2004 . Like the Serie Negra and the Beiras Group (SW Iberia), the Saghro Group has an important population of zircons dated at c. 620-580 Ma with a major peak at c. 610 Ma, which probably represents the erosion of a magmatic arc located close to the Pan-African suture that is built on the West African craton basement . (3) Other potential sources for the oldest Cryogenian ages found in Beiras Group greywackes are the extension of the PanAfrican suture in the southern end of the Trans-Sahara belt, in West Africa, which is connected to the relatively remote TransBraziliano belt, in South America (Kroner and Stern, 2004; Basei et al., 2010) . These two potential sources are considered again when we discuss the Early Neoproterozoic detrital zircons. Although less abundant, the c. 992-865 Ma record in the Beiras Group (4-8%) provided additional constraints. The Tonian record is almost absent in the OMZ. Tonian zirconforming events (c. 900-800 Ma) have been recorded in the Arabian-Nubian shield (Stern, 2002) and in the Trans-Brazilian belt (Pimentel et al., 1999; Saalman et al., 2007) , which may represent relatively remote potential source areas with juvenile magmatism. The Sm-Nd isotopic signatures obtained for the Beiras Group greywackes suggest an important contribution of source igneous rocks younger than 1.2 Ga and related to juvenile magmas (e.g. Tassinari et al., 1996) , whereas for the Serie Negra greywackes the source was mainly composed of older crustal rocks and with less contribution of juvenile magmas (López-Guijarro et al., 2008) . The Ndt values of Beiras Group greywackes, calculated for 560 Ma (time of deposition obtained in this study based on the results of Tassinari et al. (1996) , are moderate negative (−1.6 < Ndt < −3.6) and the T DM model ages range from 1.32 to 1.24 Ga. The Serie Negra greywackes Sm-Nd isotopic signature have relatively lower Ndt values (−5.5 < Ndt < −11.4) and older T DM model ages (1.6< T DM < 1.9 Ga) (López-Guijarro et al., 2008; Solá et al., 2011) . This juvenile magmatic source may be represented by the detrital zircon with the oldest Cryogenian and Tonian ages from Beiras Group greywackes.
The oldest zircons analysed from Beiras Group greywackes are, in ascending order of importance, Paleoproterozoic, Archean and Mesoproterozoic in age. The highest concentration of Paleoproterozoic zircon ages occurs in the interval c. 2-1.8 Ga and matches the Eburnean zircon-forming event of the West African craton (Liegeois et al., 1991; Hirdes and Davis, 2002; Thieblemont et al., 2004) , the Orosirian zircon-forming event of the Amazonian craton (Basei et al., 2010 and references therein) as well as Ganderia (Barr et al., 2003) . These ages also coincide with the interval of ages obtained from the 2.2-2 Ga Icartian basement metamorphic rocks of Cadomia (North Armorican Cadomian Belt, France; Chantraine et al., 1994) . The oldest ages of the Beiras Group are mainly Neoarchean (2.8-2.6 Ga) but also Meso-Paleoarchean. They indicate recycling of magmatic rocks formed during: (1) the Siderian (c. 2.35-2.3 Ga) zircon-forming event of the Amazonian craton (Basei et al., 2010 and references therein) and is also reported in Ganderia (Barr et al., 2003) ; (2) the Liberian (c. 2.9-2.7 Ga) zircon-forming event of the West African craton (Potrel et al., 1996; Koulamelan et al., 1997; Key et al., 2008) ; and (3) the Leonian zircon-forming event (c. 3.5-3.0 Ga; Thieblemont et al., 2004 and references therein), exclusive of the West African craton. The intervals typical for the West African and Amazonian cratons are not intended to discriminate which of them are the main potential source.
The presence of Mesoproterozoic zircons together with Tonian ages in the SW CIZ (not well represented or almost absent in the OMZ) suggest the possibility of sources from outside the West African craton. In the case of NW Iberia (West-Asturian Leonese Zone) the significant presence in Ediacaran sedimentary rocks of detrital zircons with Mesoproterozoic and Tonian ages has been used to suggest these basins were located adjacent to sources of the Amazonian craton (Fernández-Suarez et al., 2002) . Despite the existence of 8% of Mesoproterozoic zircon ages in the Beiras Group greywackes, this is not a strong argument for considering the Amazonian craton as the main potential source. The existence of a secondary source may have been related to the dispersion of sediments along the continental margin of North Gondwana. The Série Negra greywackes also contain few Mesoproterozoic zircons . The Mesoproterozoic detrital zircons found in the Beiras Group greywackes may have come from:
(1) A sedimentary source located in a paleoposition external to the West African craton, which formed close to the Amazonian craton and was displaced by large distances along the northern Gondwana active margin. (2) A sedimentary source located in a paleoposition close to the West African craton, which formed in the Arabian-Nubian shield and the Sahara Metacraton.
Our findings also indicate that Ordovician quartzites of Penacova with maximum depositional ages in the interval c. 490-480 Ma belonged to a continental platform (preserved in North Africa, Iberia, Armorica and Bohemia) along the northern Gondwana margin (Robardet, 2002) . These deposits are attributed to extensive rifting coeval with the formation of the Rheic Ocean (GutierrezAlonso et al., 2003; Murphy et al., 2006a,b; Nance et al., 2010) . The most important result is that, like in the Ediacaran Beiras Group greywackes, most of the detrital zircons in the Early Ordovician quartzites are derived from the erosion of recycled Neoproterozoic magmatic rocks.
Several differences are apparent when we compare the Ordovician (Armorican) quartzites of NW and SW Iberia. Detrital zircons of Armorican quartzites of NW Iberia (CZ, WALZ and NW CIZ, Gutierrez-Alonso et al., 2003) are mainly Neoproterozoic (c. 950-550 Ma) and Mesoproterozoic (c. 1.3-1.0 Ga) in age, but also include Paleoproterozoic (c. 2.3-1.8 Ga) and Archean (c. 3.0-2.5 Ga) ages, and do not include ages in the interval c. 2-1.8 Ga (Eburnean orogeny) found in SW Iberia (OMZ-CIZ transition zone, Linnemann et al., 2008; and SW CIZ, see this study) , that are typical of the West African Craton (Fernández-Suarez et al., 2002; GutierrezAlonso et al., 2003; Pereira et al., 2008a Pereira et al., , 2011 ; see this study). The contrasting detrital zircon populations of NW and SW Iberia in the Early Ordovician may reflect differences in source areas probably due to strong crustal extension and the development of complex systems of grabens and horsts Sánchez-García et al., 2010) and/or along margin terrane transport in northern Gondwana (Fernández-Suarez et al., 2002) . The opening of new wrench-basins with significant rates of subsidence and uplift, filled with detritus from denudation of the former Neoproterozoic magmatic arc, dominate the northern Gondwana passive margin between c. 490 and 540 Ma. The contrasting detrital zircon populations of NW and SW Iberia in the Early Ordovician may reflect differences in source areas probably due to strong crustal extension and the development of complex systems of grabens and horsts and/or along margin terrane transport in northern Gondwana (Fernández-Suarez et al., 2002) . The opening of new wrench-basins with significant rates of subsidence and uplift, filled with detritus from denudation of the former Neoproterozoic magmatic arc, dominate the northern Gondwana passive margin between c. 490 and 540 Ma.
This study reveals a close relationship between the distribution of detrital zircon ages in the Ediacaran greywackes and the Early Ordovician quartzites of SW CIZ, suggesting that sedimentary provenance of extensive areas in continental passive margins may persist over time, with slight differences related to input of young detrital zircons (Cambrian and Ordovician ages in the example of the northern Gondwana margin). The detrital zircon content of the Early Ordovician passive margin sedimentary rocks in Iberia is strongly dependent on the mineralogy of the older rocks on which they are unconformably deposited. Our data suggest that the detrital zircons of the Armorican quartzites in SW Iberia were overwhelmingly derived from direct recycling of the Ediacaran greywackes of the Beiras Group (CIZ; see this study) and the Serie Negra (OMZ; Linnemann et al., 2008) . Other sources were very minor. In NW Iberia, the striking similarity between the distribution of detrital zircon ages of the Armorican quartzites and the older Late Ediacaran sedimentary rocks in the Narcea Anticline (WALZ; Fernández-Suarez et al., 2002 ) is consistent with this reasoning.
Conclusions
When interpreted in conjunction with the findings of previous studies on the Neoproterozoic evolution of the northern Gondwana margin, the data yielded by this study indicates that:
1. The detrital zircon populations of the Beiras Group greywackes (Ediacaran) point to the existence of three major episodes of zircon crystallisation probably associated with long-lived Neoproterozoic magmatism located near or at the northern Gondwana margin at: c. 850-700 Ma -Pan-African suture; c. 700-635 Ma -early Cadomian arc; and c. 635-545 Ma -late Cadomian arc. 2. The oldest detrital zircon ages (Paleoproterozoic and Archean) recorded in the Beiras Group greywackes detrital zircons indicate that the main source of the SW CIZ is derived from the West African craton. However, the contribution of another or other secondary source(s) containing Mesoproterozoic and Tonian ages needs to be considered. Such possible secondary sources were probably derived indirectly from the Amazonian craton, due to drift of sediment along the shore and/or derived from an external source displaced by large distances along the northern Gondwana active margin. 3. The differences found in populations of detrital zircon from the Cadomian basement of SW Iberia (Ediacaran greywackes of the Beiras Group-SW CIZ Cadomian basement and the Serie Negra-OMZ Cadomian basement) are also observed when comparing the populations of detrital zircon from respective overlying Ordovician quartzites. For the earliest Ordovician siliciclastic rocks of the SW CIZ (Sarnelhas Formation), the main source of detritus is probably derived from the OMZ Cadomian basement, as seen for similar aged volcanic-sedimentary rocks of the CIZ-OMZ transition (Urra volcaniclastic Formation; Tremadoc). This suggests that the SW CIZ Cadomian basement was not exposed at that time. The later deposition of thick sequences of sandstones (Armorican Quartzite Formation) along the continental margin Gondwana had different sources: Serie Negra itself fed certain coastal areas (CIZ-OMZ transition) whereas the Beiras Group was the source of detritus in other coastal areas (SW CIZ). In the Early Ordovician, rifting in SW Iberia was characterised by the formation of rift shoulders, tilted blocks and/or horsts and grabens such that the Beiras Group was exposed in some places but not in others. As a consequence, the Early Ordovician quartzites of the SW CIZ do not contain a population of detrital zircons derived from a mixture of sources from both SW Iberia Cadomian basements. Although the Serie Negra and Beiras Group basins have evolved together in the active margin of Gondwana, they were sufficiently separated to justify the differences in their detrital zircon content. Therefore the inferred contact that exists today and juxtaposes the Beiras Group and the Serie Negra cannot be pre-Early Ordovician. Thus there is no apparent reason to believe that the contact between the OMZ and CIZ marks a Cadomian suture. 4. Our findings strengthen the correlation between SW Iberia, Cadomia and the Anti-Atlas in the context of the evolution of back-arc basins close to the northern Gondwana active margin. These synorogenic basins were filled during the Ediacaran by detritus resulting from erosion of the West African craton, the Pan-African suture and a long-lived Cadomian magmatic arc.
